NaYF 4 :Yb, Er∕NaYF 4 core-shell nanocrystals with different thickness shells were synthesized. The correlation between shell thickness and upconversion (UC) luminescence intensity was investigated experimentally and theoretically. We found that the UC fluorescence intensity of the core-shell nanocrystals is enhanced exponentially with shell thickness (d) in the form of (1 − 0.9 exp−d∕d 0 . For our core-shell nanocrystals, the d 0 was determined as about 5.5 nm, corresponding to an enhancement of about 12 times for the 540 nm emission intensity. The d 0 may be treated as the optimized shell thickness, which represents a balance between the conflict requirements of strong UC fluorescence intensity and small total crystal size for bioapplications. [1, 2] . However, the low UC luminescence efficiency of UC nanocrystals, 10 −2 -10 −6 , is a major obstacle in practical biological applications [3] . UC emission intensity depends on the excitation power and can be undesirably quenched by nonradiative relaxation processes. For bioapplications, the UC emission intensities cannot be enhanced by unlimited increase of the excitation power because of the limited tolerance of living organisms to laser power, especially in vivo. Therefore, reducing nonradiative relaxation process is an effective and preferred way to enhance the UC luminescence. The high-phonon energy environment of UC nanocrystals, such as surfactant organic molecules and solvents [4, 5] , plays an important role in increasing the nonradiative relaxation process. Currently, a homogeneous core-shell structure has commonly been adopted to shield the emission centers from the quenching environment. Most reports about core-shell structure focus on nanocrystals with a single thin shell [6, 7] . In general, the UC fluorescence emissions become stronger for thicker shells because of their better protection effects [8] . On the other hand, larger nanocrystals have worse permeability in living tissues. Strong UC fluorescence emissions and small crystal dimension are two conflicting requirements. Therefore, searching for the relationship between the shell thickness and UC luminescence intensity of core-shell nanocrystals is of great importance and can help optimize the shell thickness to balance the two conflicting requirements for practical bioapplications.
Upconversion (UC) fluorescent nanocrystals have gained considerable interest in biomedical field due to their minimum photodamage to living organisms, relatively deep light penetration depth in tissues, absence of autofluorescence, significantly reduced photobleaching, and multicolor emissions [1, 2] . However, the low UC luminescence efficiency of UC nanocrystals, 10 −2 -10 −6 , is a major obstacle in practical biological applications [3] . UC emission intensity depends on the excitation power and can be undesirably quenched by nonradiative relaxation processes. For bioapplications, the UC emission intensities cannot be enhanced by unlimited increase of the excitation power because of the limited tolerance of living organisms to laser power, especially in vivo. Therefore, reducing nonradiative relaxation process is an effective and preferred way to enhance the UC luminescence. The high-phonon energy environment of UC nanocrystals, such as surfactant organic molecules and solvents [4, 5] , plays an important role in increasing the nonradiative relaxation process. Currently, a homogeneous core-shell structure has commonly been adopted to shield the emission centers from the quenching environment.
Most reports about core-shell structure focus on nanocrystals with a single thin shell [6, 7] . In general, the UC fluorescence emissions become stronger for thicker shells because of their better protection effects [8] . On the other hand, larger nanocrystals have worse permeability in living tissues. Strong UC fluorescence emissions and small crystal dimension are two conflicting requirements. Therefore, searching for the relationship between the shell thickness and UC luminescence intensity of core-shell nanocrystals is of great importance and can help optimize the shell thickness to balance the two conflicting requirements for practical bioapplications.
At present, there is only one report about the influence of shell thickness on UC luminescence intensity of coreshell nanocrystals [8] , but it concentrates on core-shell nanocrystals with a thin shell thickness (<2.4 nm), which corresponds to a linear relationship. In this Letter, NaYF 4 :Yb, Er∕NaYF 4 core-shell nanocrystals with different thickness shells were synthesized and used as a model system. The influence of shell thickness on UC fluorescence intensities was investigated experimentally and theoretically. A unique way to determine the optimized shell thickness (d 0 ) was defined, and the d 0 for the NaYF 4 :Yb, Er nanocrystals was determined.
The morphology of the resulting nanocrystals was characterized by using transmission electron microscopy (TEM) (HITACHI H-8100) and the energy dispersive x-ray spectroscopy patterns were recorded by another highresolution TEM (Tecnai G 2 F30). The UC fluorescence in the visible range was collected by a lens-coupled monochromator (Zolix SBP300) with an attached photomultiplier tube (Hamamatsu CR131) with 1 nm spectral resolution. The photomultiplier tube was replaced by a near-infrared (NIR)-sensitive InGaAs detector when the NIR fluorescence spectra were measured. Decay profiles were measured by square-wave modulation of the electric current input to the 975 nm diode laser and by recording the signals via a digital oscilloscope (Tektronix DPO 5054). All fluorescence spectral measurements were performed at room temperature under the same device arrangements.
Hexagonal NaYF 4 :Yb20%, Er2% core and NaYF 4 :Yb, Er∕NaYF 4 core-shell nanocrystals with different thickness shells were synthesized by conventional methods [9, 6] . The shell thickness was controlled by adjusting the molar masses of the NaYF 4 shell precursors added during processing. Fig. 1(a) , the core-only nanocrystals are monodispersed and in the shape of ellipsoids with a length of ∼25 nm and a width of ∼21 nm. The length is employed to quantify the size of our nanocrystals here. The average sizes of the resulting nanocrystals increased to ∼30 0.8, 36 0.9, 41 0.7, 46 1.0, and 54 0.9 nm after growing different thickness NaYF 4 shells on the nanocrystals. Corresponding shell thicknesses of these core-shell nanocrystals were determined to be ∼2.5, 5.5, 8.0, 10.5, and 14.5 nm, respectively. The epitaxial growth mechanism of core-shell nanocrystals was confirmed through the analysis of the energy dispersive x-ray spectroscopy patterns.
To analyze the optical properties of these prepared nanocrystals quantitatively, the nanocrystals were dispersed in cyclohexane and excited by a 975 nm diode laser at the power density of 100 mW∕cm 2 . To ensure that the UC luminescence was measured under the same absorption power, a powermeter was used to monitor the powers of the transmitted lasers; the power was kept the same by adjusting the concentrations of different size nanocrystals [10] . The measured fluorescence photograph and spectra are shown in Fig. 2 ions, respectively [1] . As illustrated in Fig 2, the UC fluorescence intensities of the emitting core become stronger for thicker shells. In order to directly analyze the UC fluorescence intensity changes of emission centers with the shell thickness, the UC emission enhancement ratio I λ d∕I λ 0 of coreshell nanocrystals versus corresponding shell thickness d was plotted in Fig. 3 . Here, I λ d is the UC emission intensity of the core-shell nanocrystals when the shell thickness is d nm, I λ 0 is the UC fluorescence intensity of the core nanocrystals, and λ denotes 540 or 654 nm. The UC luminescence intensities of emission centers monotonically increase with the shell thickness and quickly saturate to a steady value. By least-squares fitting, the UC emission enhancement ratio [I λ d∕I λ 0] and the corresponding shell thickness (d in nanometer) follow the relationship
where C is a fitting coefficient and d 0 is a constant. For the 540 nm fluorescence, Id 0 ∕I0 is ∼12.3, which was acquired by Eq. (1). This apparent enhancement corresponds to 11 nm increase of the crystal size. However, I∞∕Id 0 is ∼1.4, which indicates that, when the shell thickness is beyond d 0 , the UC fluorescence intensity increase becomes quite slow. Therefore, we suggest that d 0 can be defined as the optimized shell thickness at which the UC fluorescence intensities can be effectively enhanced without an excessive increase in the overall size of the nanocrystals; i.e., the conflicting requirements of strong UC fluorescence intensity and small nanocrystal size can be well balanced at this shell size.
The 540 nm UC fluorescence intensity enhancement ratio can also be derived through combining timeresolved fluorescence spectroscopic measurements and steady-state equation analysis. It is well known that for the Er 3 ∕Yb 3 codoped materials, the UC process is achieved mainly by successive energy transfers (ETs) from Yb 3 to Er 3 ions; so the cross-relaxation process and the ground-and excited-state absorptions of Er 3 ions are neglected here [1, 11] . The energy level structures of Yb 3 and Er 3 ions as well as the proposed UC pathways are illustrated in Fig. 4 . Two ETs from Yb 3 ions promote the Er 3 ions in the ground level to the 4 F 7∕2 level [12] . The UC processes to the higher levels are also neglected, since the population densities of the high levels are much smaller than those of the low ones [13] . For the 540 nm emission, the following steadystate equations have been investigated:
where n 0 , n 1 , n 2 , n Yb0 , and n Yb1 are the population densities of the 
For simplicity, A 20 , W 1 , W 2 , n 0 , σ, and n Yb0 were regarded as constants here, whose changes (if any) can be ignored before and after the epitaxial growth of a homogenous shell. Moreover, the same pump power density (ρ) was used for the UC fluorescence intensity comparison. In addition, the decay times of the 4 I 11∕2 Er 3 and 2 F 5∕2 Yb 3 levels are almost the same [14] . Therefore, from Eq. (6), we can obtain the enhancement ratio of the 540 nm emission,
where, τ 2 d, and τ Yb1 d are the decay times of 4 I 11∕2 Er 3 and 2 F 5∕2 Yb 3 levels of NaYF 4 :Yb Yb, Er nanocrystals after the epitaxial growth of a NaYF 4 shell of d nm.
The measured lifetimes of the involved levels and estimated error ranges are listed in Table 1 . The error ranges reflect a statistical scattering of the evaluated lifetimes plus an estimate of possible remaining systematic errors. For comparison, the calculated enhancement ratio of the 540 nm UC fluorescence versus the corresponding shell thickness d is also plotted in Fig. 3 . One can see that the calculated enhancement ratio of the 540 nm emission is in good agreement with the experimental observation. The results thereby confirmed the validity of the proposed relationship between the shell thickness and the UC luminescence intensity. It is worthwhile to mention that the exponential dependence of UC luminescence intensity on the corresponding shell thickness does not contradict the linearly dependent relationship reported by Zhang's group [8] , since the exponential relationship could be approximate to a linear one when the shell thickness is small enough, as shown in Fig. 3 .
In summary, hexagonal-phase NaYF 4 :Yb, Er nanocrystals with different thickness NaYF 4 shells have been synthesized. The UC emission intensities of the core-shell nanocrystals display an exponential dependence on the corresponding shell thickness. The optimized shell thickness (d 0 ) was defined to effectively enhance the UC fluorescence intensities without an excessive increase of the overall size of the nanocrystals. Here, d 0 was determined to be 5.5 nm, which corresponds to a total core-shell crystal size of 36 nm and leads to a 12.3 times enhancement of the green UC fluorescence intensity. Therefore, several nanometers are thick enough for the shell to obtain fairly good UC fluorescence intensity enhancement. Excessively increasing the shell thickness does not further enhance the UC emission intensity, but only causes an increase of total particle size, which is a disadvantage for biomedical applications. 
